INTRODUCTION
In the context of noise reduction techniques by active treatments, this work presents the theoretical formulation and the finite element implementation of the specific problem of piezoelectric composite shells of revolution filled with compressible fluid. The originality of this work lies (i) in the modal formulation of the fully coupled fluid/piezoelectric structure system, and (ii) in the development of an inexpensive and accurate adaptive axisymmetric laminated conical shell element.
For the resolution of structural-acoustic vibration problems, two classes of methods can be distinguished according to whether they are based on analytical or numerical discrete approaches. Analytical methods are classically restricted to simple geometries and boundary conditions. For example, the vibration of cylindrical thin shells filled with a compressible fluid has been studied using a wave propagation approach in [1] for elastic structures, or using a state-space method in [2] for piezoelectric structures. Three-dimensional exact solutions have recently been proposed for the free vibration analysis of arbitrary thick simply supported piezoelectric hollow cylinders filled with compressible fluid [3, 4] . Methods based on discretization of the structural-acoustic governing equations, such as the finite element method, are not restricted to specific boundary conditions but require a higher computational effort. For example, a mixed formulation based on a piezoelectric shell finite element for the structure and a three-dimensional boundary element for the fluid, is developed in [5] to calculate the coupled response of smart structural-acoustic systems. For problems involving axisymmetric geometries, semi-analytic approaches are frequently used because they are computationally more efficient and accurate than fully discrete methods approaches. These methods, which employed a discretization in Fourier series for the circumferential direction, have recently been developed for vibrations analysis of axisymmetric piezoelectric shells [6] [7] [8] , as well as axisymmetric laminated composite cylinders filled with fluid [9] [10] [11] .
In this paper, a semi-analytical approach is used for adaptive conical laminated shells filled with compressible fluid. The piezoelectric shell model is based on the Kirchhoff-Love theory and is supposed to be polarized in thickness direction. The associated finite element model combines an equivalent single-layer approach for the mechanical behaviour with a layerwise representation of the electric potential in the thickness direction. In this work, we consider that the fluid is inviscid, compressible and barotropic, gravity effect being neglected. Extension to vibration damping of more complex systems involving surface gravity effects in the inviscid incompressible case [12] or internal gravity effects in the inviscid compressible case [13] will be the purpose of further investigations. Considering the above assumptions, the fluctuating fluid forces are determined by means of the linearized Euler equations and reduced to the Helmholtz equation for the pressure. The dynamic formulation of the coupled system is derived from a variational principle involving shell displacements and rotation, electric potential and fluid pressure. Concerning the finite element discretization, a one-dimensional element with two nodes is used for the adaptive conical shell structure and a quadrangular element with four nodes for the fluid. Moreover, an appropriate interface element is developed to ensure the interaction between the fluid and structure. For the shell element, each node has (i) four mechanical degrees-of-freedom to describe axial, radial and circumferential displacements, as well as the rotation about the circumferential axis, and (ii) one electrical degree-of-freedom related to the sensor voltage per piezoelectric layer. For the fluid element, the pressure is the unique nodal unknown. It should be mentioned that the variables associated with these two elements are expanded in Fourier series in the circumferential direction. Finally, some numerical examples are presented in order to validate and demonstrate the effectiveness of the proposed formulation.
FINITE ELEMENT FORMULATION OF THE PIEZOELECTRIC STRUCTURE COUPLED WITH AN INTERNAL FLUID
Let us consider the linear vibrations of an elastic/piezoelectric structure completely filled with a homogeneous, inviscid and compressible fluid, neglecting gravity effects. We establish in this section the variational formulation of the coupled problem and the corresponding matrix equations. Figure 1 . Fluid/piezoelectric structure-coupled system.
Governing equations of the spectral-coupled problem
We consider a piezoelectric structure occupying the domain S at the equilibrium. The structure is clamped on a part u and traction free on the complementary part of its external boundary. The interior fluid domain is denoted by F and the fluid-structure interface by (see Figure 1 ). For the considered spectral problem, electric boundary conditions are defined by null electric potential on and null surface density of electric charge on the remaining part D . Thus, the total structure boundary is
The linearized deformation tensor is denoted by e and the corresponding stress tensor by r. Moreover, D denotes the electric displacement and E the electric field. S is the mass density of the structure and n S is the unit normal external to S .
Since the compressible fluid is assumed to be inviscid, instead of describing its motion by a fluid displacement vector field, which requires an appropriate discretization of the fluid irrotationality constraint [14] , we use the pressure scalar field p. Let us consider c F as the constant speed of sound in the fluid, F the mass density of the fluid, and n the unit normal external to F .
The local equations describing the spectral fluid-piezoelectric structure-coupled problem are
where is the angular frequency. Equation (1a) corresponds to the elastodynamic equation in the absence of body force; Equations (1b) and (1c) are the classical mechanical boundary conditions; Equation (1d) results from the action of pressure forces exerted by the fluid on the structure; Equation (2a) corresponds to the electric charge equation for a dielectric medium; Equations (2b) and (2c) are the previously described electric boundary conditions; Equation (3a) is the Helmholtz equation; and Equation (3b) is the contact condition for the fluid on .
The stress tensor r and electric displacement vector D are related to the linear strain tensor e and electric field vector E through the converse and direct linear piezoelectric constitutive equations
where c is the elastic stiffness matrix, d is the dielectric permittivity matrix, and e is the piezoelectric coupling matrix. Moreover, we have the following gradient relations between the linearized strain tensor e and the displacement u, and between the electric field E and the electric potential :
For a detailed derivation of those classical equations, we refer the reader, for example, to [15] for piezoelectric aspects and to [16] for fluid-structure aspects.
Variational formulation in terms of (u, , p)
The local equations of Section 2.1 are expressed in terms of the chosen unknown fields of the piezoelectric structure/fluid boundary value problem, i.e. the structural mechanical displacement u, the electric potential in the structure , and the fluid pressure p.
In order to obtain the variational formulation associated with the local equations of the coupled fluid-piezoelectric structure system given in Equations (1)- (3), the test-function method is applied. We proceed in three steps, successively considering the equations relating to the structure (subject to fluid pressure actions), the electric charge equation for a dielectric medium, and the equations relating to the fluid (subject to a wall displacement). We recall that the chosen unknown fields are the structure displacement u, the electric potential and the fluid pressure p.
First, we introduce the space C * u of sufficiently regular functions u defined in S verifying u = 0 on u . Multiplying Equation (1a) by any function u ∈ C * u , then applying Green's formula, and 4 finally taking Equations (1b) and (1d) into account, leads to
Secondly, we consider the space C * of sufficiently regular functions in S verifying = 0 on . Multiplying Equation (2a) by any function ∈ C * and integrating over S , we have
Finally, we consider the space C p of sufficiently regular functions p defined in F . Multiplying Equation (3a) by p ∈ C p , applying Green's formula, and taking Equation (3b) into account, we obtain
Using the piezoelectric constitutive Equations (4) and (5), and taking the electric boundary condition (2b) into account, Equations (8) and (9) can be rewritten in the following forms:
Thus, the variational formulation of the coupled fluid-piezoelectric structure spectral problem consists in finding ∈ R + and (u, , p) ∈ (C * u , C * , C p ) satisfying Equations (10)-(12).
Finite element formulation
Let us introduce U, U and P corresponding to the vectors of nodal values of u, and p, respectively, and the submatrices corresponding to the various bilinear forms involved in Equations (10)- (12) defined by
The variational equations (10)- (12) for the fluid-piezoelectric structure-coupled problem can be written in discretized form ⎡
Remarks
• The matrices involved in Equation (14) are unsymmetric. A symmetric formulation with mass coupling can be established by introducing the fluid displacement potential as additional variable [16] . For the sake of brevity, this procedure is not detailed here and will be the subject of a future work.
• Using the second line of Equation (14) , the degrees-of-freedom associated with the electric potential can be expressed in terms of structure displacements as
Thus, after substitution of U into Equation (14), we get the following spectral problem in terms of U and P:
It should be noted that the term
C T u represents an 'added-stiffness' contribution due to the electromechanical coupling [17] .
• A standard unsymmetric system, associated to the fluid-elastic structure coupled problem, can be obtained from Equation (16) by choosing a zero elastic-electric coupling matrix C u (i.e. when piezoelectric coupling constants are zero)
APPLICATION TO AXISYMMETRIC COMPOSITE CONICAL SHELLS FILLED WITH COMPRESSIBLE FLUID
In this section, the proposed finite element formulation is applied to the vibration analysis of axisymmetric conical elastic/piezoelectric shells coupled with an internal compressible fluid.
Elastic laminated conical shell
Consider a hollow truncated conical shell of length L, slope angle , having an arbitrary constant thickness h and made of N orthotropic layers (see Figures 2 and 3 ). The particular geometry of the structure is used to reduce the dimensions of the problem through a semi-analytical procedure whereby variables are expanded as Fourier series in the circumferential direction. The orthogonality property of harmonic functions decouples the contributions of the components of the series and allows a separate analysis for each circumferential harmonic. 
Strain-displacement relations.
Since a classical shell element based on Kirchhoff-Love hypotheses is used in this work, the components of the displacement vector can be written as
u, v and w being the axial, circumferential and radial displacement components at the middle surface of the shell. and are the rotations about the and x axes, respectively, given by
where R denotes the local radius of the shell written by
With these notations, the state of strain at any point x, (on the shell) and z (distance from the neutral surface), is equal to the sum of the middle surface strains (membrane) and the strains due to the changes of curvature (flexural). Denoting the middle surface extensional strains in the lengthwise and circumferential directions by x x and , the middle surface changes in curvature in the lengthwise and circumferential directions by x x and , and the middle surface in-plane shear strain and change in twist by x and x , the state of strain at any point (x, , z) within the shell can be written as
where the factor 2 in the left-hand side of Equation (22c) comes from the definition of the strain tensor (Equation (6)) and the middle surface extensional strains are defined by
and the middle surface curvatures are expressed by
Equations (23) and (24) correspond to strain-displacement relations for thin conical shells in Love theory [18] .
Fourier series expansion.
The geometric and material rotational symmetry of the structure allows a semi-analytical formulation for the shell finite element. Thus, the displacement field is expended in Fourier series in the circumferential direction according to the following expressions:
where n identifies the harmonic component. In fact, due to the axisymmetry, the modes for n 1 appear by pair, the two members of a pair being denoted as companion modes. Those companion modes have exactly the same frequency and their shapes have the same geometry, the only difference being in their angular position. Moreover, displacement components appear grouped in (u, *v/* , w) or in (*u/* , v, *w/* ) in Equations (23) and (24) . As a consequence, the displacement components of one companion mode are of the form (cos n , sin n , cos n ) or (sin n , cos n , sin n ). To obtain both companion modes, one would have to introduce both sine and cosine functions in each displacement component (u, v, w). However, for sake of brevity, only one of the companion modes is considered in Equations (25) and consequently in our simulations.
Using Equations (23)- (25), middle surface extensional strains and curvatures can be written as
where the strain components can be rewritten, for any circumferential harmonic n, in the following matrix form:
with
x ] T and the gradient operators
where C = cos , S = sin and the subscripts m and b state for membrane and bending.
Degrees-of-freedom and shape functions.
The displacement components associated with each harmonic n are predicted by discretizing the shell with one-dimensional two nodes axisymmetric elements. Each node has four degrees-of-freedom to describe axial, circumferential and radial displacements, as well as the rotation about the circumferential axis. One element can thus be described in terms of the following nodal degrees-of-freedom vector:
where superscript e denotes an elementary quantity, and subscripts 1 and 2 correspond to nodes bounding the element. The longitudinal and circumferential displacements are assumed to vary linearly along the axial co-ordinate x, while the radial displacement is described by Hermite cubic polynomial in order to maintain C1 continuity due to the application of Kirchhoff-Love hypothesis. Thus, the elementary middle surface displacements and rotations of the shell are given in terms of the nodal degrees-of-freedom by
where the interpolation matrices are defined by 
in which is the elementary co-ordinate that varies from = −1 at node 1 to = 1 at node 2 and L e is the length of the element. Moreover, elementary extensional strains and curvatures can be expressed by
with the following discretized gradient operators:
Note that the third line of zeros in the N r expression is used in order to define the products N T d N r and N T r N d in the mass matrix defined below.
Elementary mass and stiffness matrices.
The interpolations of displacements and strains presented in the previous section are used to express the elementary mass and stiffness matrices of the composite laminated shell. The mass matrix is evaluated without neglecting rotational inertia. Using relation (13b) and combining Equations (18), (25) and (28), the elementary mass matrix is defined, for any harmonic n, by
where J S is the Jacobian determinant which is simply given by J S = L e /2, is the Kronecker symbol and the zero, first and second mass moments of inertia are given by
In the same way, using definition (13a) and combining Equations (22), (26) and (29), the elementary elastic stiffness matrix is given, for any harmonic n, by
The matrices A, D and B are extensional, bending and extensional-bending coupling stiffness of the laminated composite (see for example [19] ). The components of these 3 × 3 symmetric matrices are given by
where i, j = 1, 2, 6 and Q k i j represent the reduced material stiffness constants for each layer k in the global co-ordinate system deduced from the assumption of zero normal stress in the thickness direction.
Finite element modelling of the fluid domain
The aim of this section is to introduce the finite element discretization of the fluid domain considering the axisymmetry of the problem (see Figure 4) . As for the structure displacements, fluid pressure can be expressed in terms of Fourier series by
where p 0 and p n are, respectively, the axisymmetric and the nth harmonic component of the pressure.
The considered fluid domain is discretized into quadrilateral elements. Each element is bounded by four nodes and the nodal pressure is considered as the only unknown variable.
For any harmonic n, the elementary pressure p e n (r, Z ) can be expressed in terms of the vector of nodal pressures P e where the interpolation matrix is defined by with the following linear shape functions, given in the reference element
From definition (13g), and using Equations (30) and (31), the elementary mass matrix of the fluid can be expressed, for each harmonic n, by
where J F is the Jacobian determinant of the transformation from the real to the reference element. In order to compute the elementary stiffness matrix of the fluid, we have to evaluate the pressure gradient, for each harmonic n, using
From Equations (13f), (30) and (33), and after transforming the discretized gradient operator in the reference co-ordinate system, the elementary stiffness matrix of the fluid can be expressed, for each harmonic n, by
Elementary fluid-structure coupling matrix
Using the appropriate interface conditions at the common boundary between the fluid and the structure, the coupled fluid-structure matrix is derived. In first approach, a compatible mesh is considered at the interface so that the axisymmetric interface element can be easily defined. The interface element is bounded by two nodes, each having two degrees-of-freedom to describe, for any harmonic n, the normal structure displacement w e n and the fluid pressure p e n . The elementary normal displacement w e n is discretized by cubic shape functions and can be written, in terms of the nodal structure degrees-of-freedom, by The elementary pressure p e n is discretized by linear shape functions and can be written, in terms of fluid pressure in nodes located at the interface, by
Thus, the elementary 8 × 2 coupling matrix can be written as 13 
Extension to piezoelectric conical shell
In this section, we present an extension of the laminated composite conical shell to the case of piezoelectric layers with radial polarization. The chosen multilayer model combines an equivalent single-layer assumption for the mechanical displacement and a layerwise representation of the transverse electric potential (the electric potential is assumed to vary linearly in the thickness of each piezoelectric layer). The advantages of this mixed laminate theory are linked to its effectiveness to model thin composite shells and to capture the through-thickness electric heterogeneity induced by the piezoelectric layers [20, 21] . From the previous electric potential assumption and neglecting the in-plane components, the electric field is defined, for each piezoelectric layer k, by its transverse component
where V k is the electrical potential difference between top and bottom surfaces (
Instead of describing the electric state by the electric potentials k , we use in the finite element discretization the electric potential differences V k . Moreover, as for the displacement and pressure fields, the potential difference is developed in Fourier series by
Thus, the degrees-of-freedom of the axisymmetric shell element described in the previous section are augmented by the electric potential difference (voltage) of each layer. For a circumferential wave number n, the electric field of one multilayer piezoelectric shell element can be written in the following form:
where N is the total number of layers. With these considerations, the elementary electromechanical coupling stiffness matrix, given by Equation (13c), can be written, for each circumferential wave number n, by 
and
where e k 3 j ( j = 1, 2, 6) are the reduced piezoelectric constants for each layer k in the global co-ordinate system deduced from the assumption of zero normal stress in the thickness direction.
The previously defined matrices are derived from the global constitutive equations of the laminate, which connect, for any harmonic n, the resultant in-plane forces N n and bending moments M n , to the middle surface extensional strains e n and curvatures j n , and electric field E n
Finally, from Equation (13h), the electric matrix K e is given, for each harmonic n, by
where H is defined by
with d k 33 the dielectric permittivity in the thickness direction. The matrix H is derived by integrating the transverse electric displacement D k over the thickness of each layer such that
where the electric displacement resultant vector Q n is defined by
and where D k is given for each layer in the global co-ordinate system by
NUMERICAL RESULTS
In this last section, numerical results, obtained with a Matlab program developed by the authors, are proposed in order to validate and analyse the previously described formulation. Section 4.1 presents the performances of the composite shell finite element for elastic or piezoelectric structures without internal fluid. Section 4.2 concerns elastic and piezoelectric cylindrical shells coupled with an internal compressible fluid.
Free vibration of shells without internal fluid

Isotropic conical shell.
Consider an isotropic single-layer conical shell of length L = 7.5 m, slope angle = /6, thickness h = 0.05 m, and radius at its large edge R 2 = 5 m. The isotropic material used in this first example is aluminium, with Young's modulus E = 69 000 MPa, Poisson ratio = 0.3, and mass density = 2700 kg m −3 . Moreover, the shell is discretized with 50 axisymmetric elements. Table I presents a comparison of the non-dimensional frequency parameter = R 2 (1− 2 )/E for various set of boundary conditions at both the base and top of the cone: free-free (F-F), simply supported-simply supported (SS-SS) v = w = 0, and clamped-clamped (C-C) u = v = w = = 0. Moreover, the results are compared with those given by Shu [22] using a generalized differential quadrature technique, and those obtained by the finite element code Nastran using quadrangular shell elements. In this example, the circumferential wave number n ranges from 1 to 9. An excellent agreement can be observed for all modes. From this comparison, it can be concluded Table I . Frequency parameter = R 2 (1 − 2 )/E of an isotropic conical shell for n = 1−9. Table II . Mechanical and geometrical data of an elastic laminated cylinder [23] .
F-F SS-SS C-C
Material properties
Geometric data
Middle layer thickness = h/3 12 = 0. 26 Outer layer thickness = h/3 = 1643 kg m −3 h/R = 0.002 Table III . Frequency parameter = R 2 /E 2 of a composite cylinder. that the present axisymmetric two-node shell element is numerically accurate and computationally efficient for thin isotropic conical shells.
Laminated composite cylinder.
This example gives a comparison of the frequency parameter = R √ /E 2 for a three-layer cross-ply [0, /2, 0] cylindrical shell with simply supported (SS-SS) boundary conditions. The mechanical and geometrical shell parameters are given in Table II . Moreover, 100 finite elements are used for the discretization of the cylinder. The results presented in Table III show the excellent performance of our finite element model compared to the analytical solution proposed by Lam and Loy [23] and the wave propagation approach used by Zhang [24] . It can be observed that for shells with small length-to-radius ratios, as in the case L/R = 1, the minimum frequency occurs for the larger n. Nevertheless, for L/R = 10, the natural frequencies decrease when n varies from 1 to 4, and increase for n larger than 4.
Laminated composite conical shell.
In order to validate our finite element model for composite non-cylindrical structures, the natural frequencies of a three-layer [0, /2, 0] conical shell are compared with those given by Nastran with quadrangular composite shell elements. The geometrical data, boundary conditions and spatial discretization are the same as those given for the isotropic conical shell example (see Section 4.1.1). Here, the thickness of each layer is h/3 and a graphite-epoxy material is used (see Table IV ).
As in the previous case, a very good agreement between the frequencies can be observed in Table V , thus validating our composite conical shell element. It is also observed that the influence of boundary conditions on the variation of frequency with circumferential wave number n is significant. For the F-F conical shell, the frequencies increase as the circumferential wave number n increases. For the SS-SS and C-C conical shells, the frequencies decrease for circumferential wave number from n = 1 to 4 and increase from n = 5 to 9. For illustration purpose, the mode shapes are presented in Figure 5 . These three-dimensional deformations have been constructed from the one-dimensional element and using the Fourier series expansion of the displacement field in the circumferential direction.
Piezoelectric cylindrical shell.
In order to validate the formulation for piezoelectric shells, we present in this example a comparative study for a simply supported (SS-SS) piezoelectric cylindrical shell. The geometrical properties are L = 5 m, R = 1 m and h = 0.02 m. Moreover, the piezoelectric material is the PZT-5H (see Table IV ). Table VI presents the frequencies calculated by our method and those given by an exact threedimensional solution proposed by Deü and Larbi [4] . This exact solution is based on a mixed state-space approach previously developed for the free vibration analysis of laminated piezoelectric plates actuated by transverse shear mechanisms [25] . In this table, the modes are classified, for two values of circumferential harmonic (n), in order of increasing frequency. To specify the mode type, the corresponding axial wave number (m) obtained with the exact solution is also given. As it can be observed from this table, there is a good agreement between finite element (with 100 conical shell elements) and exact solutions for different electric boundary conditions corresponding to short-circuited ( = 0) or open-circuited (D = 0) piezoelectric materials. As expected, the natural frequencies are higher in the open-circuit case than in the closed-circuit one. It is noted that the error committed by the finite element approximation is lower than 3%. This comparison enables us to validate the piezoelectric aspect of the shell. It is important to note that this validation is restricted to the first modes, i.e. when a linear piezoelectric potential along the thickness of the piezoelectric layer is sufficient. Table VII gives the frequencies of (i) the fluid in rigid cavity, (ii) the empty shell, and (iii) the fluid-structure-coupled system. The structural frequencies in the coupled and uncoupled cases are compared to those obtained with a wave propagation method [1] . This comparison enables us to check the validity of the fluid-structure proposed formulation. It can be observed that the coupled frequencies correspond to half of the empty shell frequencies. This is due to the added mass effect of the fluid which is, in this particular case of a liquid, quasi-incompressible for the first low-frequency modes. In order to illustrate the results in the coupled case, the mode shapes, in terms of fluid pressure and structure displacement, are presented in Figure 6 . In the case where the fluid is not taken into account, Table VIII shows a comparison, for n varying from 1 to 10, between our finite element results, an exact state-space solution based on the three-dimensional theory of elasticity [4] , and the results given by Loy et al. [26] using a Love shell theory and a Ritz method. A very good agreement between the three approaches can be observed. Table IX presents the natural frequencies for the fluid-structure-coupled problem. As can be seen in this table, the coupled frequencies obtained with our finite element approach agree very well with those obtained from the exact solution [27] for different values of circumferential (n = 1-4) and axial (m = 1-5) harmonics. It is also observed in Figure 7 (a) that for all axial wave number m, the frequencies decrease as the circumferential wave number n increases except for m = 1. Moreover, Figure 7(b) shows, for all circumferential wave number n, that the frequencies increase as the axial wave number m increases.
Free vibration of cylindrical
Elastic case
Piezoelectric case:
comparison with a state-space exact solution. In this last example, the piezoelectric cylinder studied in Section 4.1.4 is filled with a compressible fluid characterized by F = 1000 kg m −3 and c F = 1500 m s −1 . Table X presents the eigenfrequencies of the coupled system computed by our finite element method and those given by the exact state-space approach [4] . The results, given for the two first circumferential harmonics, show a good agreement between the two methods. However, as previously mentioned, the difference between exact and finite element solutions can increase for higher modes, in particular due to the linearity assumption of the electric potential.
CONCLUSIONS
This paper concerns variational formulation and the finite element implementation of the fluid/ piezoelectric structure vibration problems. The coupled system consists of a piezoelectric structure (described by its displacement field and its electric potential) containing a compressible fluid (described by its pressure field). With this description, the variational formulation of the coupled problem is established and the corresponding matrix equations are presented. This formulation is then applied to the vibration of axisymmetric conical elastic/piezoelectric composite shells coupled with an internal fluid. The piezoelectric shell is based on Kirchhoff-Love theory and is supposed to be polarized in thickness direction. The associated finite element formulation combines an equivalent single-layer approach for the mechanical behaviour with a layerwise representation of the electric potential in the thickness direction. The fluid is modelled by the Helmholtz equation in terms of pressure. The particular geometry of the structure is used to reduce the dimensions of the problem through a semi-analytical procedure whereby variables are expanded as Fourier series. Following these considerations, the shell is discretized by a onedimensional element with two nodes, and the fluid by a quadrilateral axisymmetric element with four nodes. Moreover, an appropriate interface element is developed to ensure the interaction between fluid and structure. Finally, numerical examples are presented validating the development of the composite axisymmetric shell element, the piezoelectric aspect and the fluid-structure finite element implementation. In this paper, we have used a non-symmetric fluid/piezoelectric structure formulation. The symmetrization can be carried out using procedures as described in [16] and will be the purpose of a further publication.
